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does follow the redox behavior of the components, it is unreasonable to propose
an undetectable charge-transfer complex as an intermediate. Moreover, our ob-
servation that both singlet and triplet donors react at rates predictable by the
electron transfer model indicates that complex formation, which should be much
less favorable for the triplet, does not influence the rate of reaction.

Two experimental observations bear further discussion. First, the isotope
tracer results reported by Greene indicate that about half of the oxygen of
one carbonyl group of the peroxide is incorporated in the ether oxygens of the

cyclic phthalate. At first glance, this observation seems inconsistent with

our proposal of phthalate radical anion as an intermediate in the reaction.
However, if, as seems likely, the benzoyloxy radical is a sigma radical, then

any bonding interaction between the doubly occupied orbital of the carboxylate

and the singly occupied orbital of the carboxy radical will lead to hindered

rotation about the carbon-carbon bond connecting the carboxylate group to the

ring. Of course, this rotation is required to interchange the oxygen atoms of

the carboxylate. A similar three electron interaction can be used to account for

the equivalence of the two oxygens of the benzoyloxy radical described by McBride.37
Moreover, to the extent that the non-bonded orbitals of the carbonyl oxygens of the
phthalate radical anion overlap with the sigma orbital of the peroxide, radical
character will be transferred to the carbonyl oxygens. This notion is supported by

a MINDO/3 calculation which puts considerable odd electron density on the carbonyl

oxygens of the phthalate radical anion.38 The first step in formation of the adduct

is probably coupling of odd-electron centers (hence, the observed rearrangement in
the norbornylene system).39 Since our proposed model for the phthalate radical
anion predicts some free electron density on the carbonyl oxygens, there may be
some coupling to these positions. This coupling could lead to the observed
apparent equivalence of carbonyl and peroxy oxygens.

The final point to be discussed is the apparent stereospecificity of the

reaction. Evidently, closure of the second carbon-oxygen bond is faster than

the rotation about the remaining carbon-carbon single bond of the olefin, since

that rotation would lead to loss of stereochemistry. Also, ring closure is appar-
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ently faster than rotation about the carboxylate-carbon bond since that rotation
would lead to exchange of oxygen atoms. These observations are, of course, inde-
pendent of the mechanism, and must be made for all but a concerted process, thus

they cannot be used to distinguish between nucleophilic attack and electron transfer.

Conclusions

The results of our study of the reaction of phthaloyl peroxide with a variety
of reagents indicate that these processes proceed along a path initiated by an
activated one electron transfer from the donor to the peroxide. Subsequent cleavage
of the oxygen-oxygen bond of the reduced peroxide makes the electron transfer irre-
versible. The odd electron intermediates formed in these initial steps can add, as
in the case of olefins, or undergo a second electron transfer as with the diamines,
or diffuse into bulk solution as apparently occurs with the aromatic hydrocarbons.
We feel that this mechanism easily accounts for all of the results we, and others,
have accumulated while studying the reactions of phtahloyl peroxide. We note, how-
ever, that extrapolation of these conclusions to the reactions of other diacyl per-
oxides, in particular benzoyl peroxide, is not without some risk. Specifically,
the oxygen-oxygen bond of phthaloyl peroxide is constrained to be in a relatively
planar six membered ring. This structural feature may make this peroxide more
easily reduced than, say, benzoyl peroxide. In the inevitable competition between
nucleophilic attack and electron transfer, the one electron path will be acceler-
ated by this ease of reduction. We are continuing to examine the structural fea-

tures that encourage one electron processes between closed-shell reagent.

Experimental

General:
R YAV AV
IH MR pectra were recorded on either a Varian Associated EM-390 or a Varian
HR 220, with tetramethylsilane as internal standard. Mass spectra were obtained

with Varian MAT CH-5 and 731 mass spectrometers. Infrared spectra were recorded

on a Perkin Elmer 237B Infracord. UV and visible spectra were recorded on a
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Cary 14 spectrometer. Elemental analyses were performed by J. Nemeth and Asso-
ciates, Department of Chemistry, University of Illinois, Urbana. Melting points
are uncorrected. Gas chromatography was performed on a Varian 2700 with flame
ionization detector using a 2 meter 8.3% SE-30 column.

§R&XE&&§: Tetrahydrofuran (Aldrich, gold label) was distilled from Na/benzophe-
none under nitrogen. Benzonitrile (Eastman Kodak, aniline free) was distilled
from PZOS' Acetonitrile (Aldrich, gold label) was distilled from CaH2 under

nitrogen.

%%5Q%QRA&RKAK&R&&EEA&%@%%@%&: The kinetics for the reaction of phthaloyl peroxide

with the electron donors was conducted by one of three methods: i) stop-flow tech-

niques, ii) conventional uv-spectrometry or iii) iodometrically. The solutions
for all kinetic rumns were purged for 5 to 10 minutes with argon prior to use. The
kinetics were psuedo-first order employing either excess peroxide or excess elec-
tron donor.

Kinetics by conventional UV—épectrometry were carried out in a 1 cm quartz
cuvette. A 1.5 mL aliquot of phthaloyl peroxide solution was added to a 1.50 mL
aliquot of the electron donor solution and mixed well in the sample cell. Then
the disappearance of the electron donor was monitored as a function of time for
approximately 10 to 12 half-lives.

Iodometric kinetics were carried out be recording the absorbance of the tri-
iodide ion at 430 nm at periodic time intervals for two half-lives (the infinity
absorbance was recorded after 10 half-lives) for 0.75 mL aliquot samples of the
kinetic run employing the method of Benerjee and Budke.[‘0 To approximately 15 mL
of a cﬂcljzacetic acid mixture (l:1) which has been purged with nitrogen gas for
1 m was added a 1.00 mL aliquot of a 507% KI solution. To this solution is added
a 0.75 mL aliquot of the kinetic sample and the resulting solution is purged for
1 m with nitrogen and then diluted to a total volume of 25 ml with CHC13:acetic

acid (1l:1) solution.

F re—




Stop flow kinetics employed a stop-flow spectrophotometer designed by D. L.
Knottinger.41 The kinetics were monitored at the absorbance maxima of either the
reagent (i.e. 1,3-diphenylisobenzofuran or tetracene) or the product (i.e. the
oxidized products of N,N'-diphenyl-p-benzidine or hydroquinone) for 10 to 12
half-lives. The diimine of N,N'-diphenyl-p-benzidine is unstable under the reac-

tion conditions but its disappearance is negligible over the period of investi-

gation and becomes significant only at high benzidine concentrations.

Reaction of 1 with N,N'-diphenyl-p-phenylenediamine in THF at 25°C.

Gas chromatographic analysis of the reaction of phthaloyl peroxide (2.6 x
10—4 moles) and N,N-'diphenyl-p-phenylenediamine (2.6 x 10_4 moles) in 10 nL of
THF indicates that the sole volative products of the reaction are phthalic acid
(98%) and the diimine é (887%) based upon the UV absorption spectrum. The diimine
R, was characterized by comparison with an authentic sample prepared by the method of
Piccard,42 as well as by its UV-visible absorbance spectrum Amax = 445 nm
(THF).

Reaction of ] with 1,3-diphenylisobenzofuran in THF at 25.0°C.

B oo

Examination of the carbonyl region of the infrared spectrum for the reaction
of phthaloyl peroxide with 1,3-diphenylisobenzofuran in THF indicates phthalic
anhydride and o-dibenzoylbenzene to be the sole carbonyl containing products of
the reaction, no intermediate adducts were observed. G.C. analysis of the reac-
tion of (1.293 x 10-4 moles) phthaloyl peroxide with (1.284 x 10_4 moles) of
1,3-diphenylisobenzofuran indicates that phthalic anhydride is formed in 78%
yield and the yield of o-dibenzoylbenzene is 120%.

Reaction of 1 with Hydroquinone in Acetonitrile at 25°c.
. e

Gas chromatographic analyses of the reaction of phthaloyl peroxide'(3.10 X
10-4 moles) and hydroquinone (3.33 x 10—4 moles) in acetonitrile indicates that
the volatile products of the reaction are benzoquinone (72%) and phthalic acid

(58%). Since phthalic acid is slightly soluble in acetonitrile it's yield is

based on a gravimetric determination.
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Reaction of ]l with trans-stilbene in benzonitrile at 66.0°

v

The NMR analysis of the reaction mixture of phthaloyl peroxide (2.358 x
10-4 moles) with trans-stilbene (2.441 x 10—4 moles) indicates, after removal
of benzonitrile by distillation, that the cyclic phthalate % and lactonic ortho-
estér % are formed in a 1:3 ratio. Infrared analysis of the reaction mixture con-
firms that the sole carbonyl containing compounds of the reaction are % (1736cm-1)
and é (1776cm-1). The NMR spectrum of the reaction mixture showed an aromatic multiplet
centered at 7.508, a singlet at 6.128 (assigned to the benzylic H's of R) and a
doublet of doublets centered at 5.278 (assigned to the benzylic H's of -

Reaction of ] with Tetracene in Acetonitrile at 25.0.

Thermolysis of phthaloyl peroxide (1.5 x 10_4 moles) with tetracene (1.4 x
10-4 moles) in acetonitrile resulted in the recovery of 4.2 x 10-4 moles (29%)
of unreacted tetracene. The products of the reaction mixfure indicated carbonyl
group resonance at 1724, 1706, 1681, and 1661 cm_l. Crystallization of the reac-
tion mixture from CCla/acetone resulted in the isolation of 6 mg of a product with a
carbonyl group resnnance at 1681 cm_l which had an elemental analysis of C, 79.16:H, 4.20
(calculated for a 1:1 adduct of tetracene with phthaloyl peroxide C, 79.58:H, 4.11).

Reaction of Tetramethylethylene (TME) with & in Benzonitrile

A solution of phthaloyl peroxide (7 x 10-3 M) and TME (1 x 10.1 M) was held at 80°
in benzonitrile solution for 5 days. Examination of the reaction mixture by gas
chromatography at periodic time intervals showed no detectable allylic hydroperoxide Q.

Control experiments showed that the allylic hydroperoxide 8 was indefinitely stable
under the reaction conditions, and that we could detect % at concentrations as low as
5 x 10—5 M.

Pulsed Nanosecond Laser Photolysis Apparatus

The pulsed-laser apparatus consists of a Molectron Model UV24 nitrogen laser
having a 900 kw power rating at 20 Hz. The pulse width at half height was
tvnically of 10 ns duration. The laser was focused to a 3 mm x 10 mm
rectangle in the 1 cm sample cell. Power measurements, made at the sample table,

varied generally between 2 and 7 mj/pulse. Laser pulse intensities were

i i
reproducible to #+57%. !‘

The probe beam was generated by a PRA Model ALH 2150 450 W xenon arc lamp




L N g

S

T —

o T

varied generally between 2 and 7 mj/pulse. Laser pulse intensities were
reproducible to +5X%.

The probe beam was generated by a PRA Model ALH 2150 450 W xenon arc lamp

operated at 20 amps and pulsed with a 60 uf capacitor charged to 350 V.

The pulses were generally 140 ps long. The total power of the probe pulse, mea-

suring all wavelengths and integrated over the entire pulse, was determined to

be 0.46 + 307 mj/pulse.

e L
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The probe light intensity and sample fluorescence were monitored using a

Hamamatsu R928 photomultiplier tube with a 50 termination. The tube was wired

with a nonlinear, four-dynode chain to avoid space charge problems and to nrevent
saturation at the high light intensities used to overcome photon statistical
noise. The rise time of the detection system (to -300 mv) was measured to be ca.
2 ns using a 30 ps green pulse generated by an argon ion laser.

Spectral resolution was obtained using a PRA model 204B 0.25M monochromator
which has a dispersion of 3.6 nm/mm. The measured absorption and fluorescence
signals were processed on the Tektronix R7912 transient digitizer. All measure-
ments of the nitrogen laser intensity were made using a Gentec joule meter Model
ED-200 7010 with a calibration of 6.50 U/J when terminated in 106 ohm.

The sample cell used was a 1 cm square fluorescence cell which was fitted
with a teflon stopcock and equiped with a small teflon-coated stir-bar.

Pyrene Excited Singlet-Phthaloyl Peroxide. Transient Absorption Spectrum

An acetonitrile stock solution of phthaloyl peroxide (2.SlxlO—3M) contain-
ing pyrene (2.97x10—5M) was prepared and kept at 0°C. The absorption spectrum
of the transient intermediate in a nitrogen purged sample was measured 140 ns
after the laser excitation. The intermediate showed no significant decay in
500 ns. Absorption data were obtained from 350 nm to 550 nm with a spectral
resolution of generally better than 4 nm kmax of the transient (CHSCN) = 450 nm.

Pyrene Excited Singlet - Phthaloyl Peroxide. Quenching Kinetics

The quenching rate constant (kq) for the reaction of phthaloyl peroxide with
pyrene singlet in acetonitrile was measured. The pyrene concentration
for each was 5.12 x 10—S M while the concentration of phthaloyl
peroxide varied between O and 2.44x10—3M. All samples were nitrogen purged for

4 minutes pricr to laser excitation. A plot of the derived first order rate

constants versus phthaloyl peroxide concentration gave the desired quenching rate

constant.
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Anthracene Triplet - Phthaloyl Peroxide. Quenching Kinetics 4

A series of seven samples was prepared, each consisting of a 5 mL acetonitrile

between 0 and 4.88x10_3M. The decay kinetics of the anthracene triplet produced

solution of anthracene (4.28x10—4) with a concentration of phthaloyl peroxide f
by laser excitation of these samples were found to deviate from first order par-
ticularly in those samples where the concentration of phthaloyl peroxide was

greater than lxlO-3M. This deviation was found to be due to the growth of an

absorption from anthracene radical cation at 425 nm, the maximum of the Tl =+ 'I‘n
absorption. This was confirmed by the observation of the growth of anthracene
radical cation at 720 nm. The rate of growth of the radical cation was observed
to have two components, as fast growth from anthracene*1 + phthaloyl peroxide
and a much slower growth from anthracene*3 + phthaloyl peroxide. Thus the fol-
lowing method was used to obtain the quenching rate constant. Each of the eight
samples in turn, was placed in the laser photolysis cell and photoexcited air
saturated with the nitrogen laser (337 nm, ca. 3.5 mj/pulse). The optical den-
sity of the transient intermediate (monitored at 425 nm) was determined 1.45 us
after the laser excitation (prompt anthracene radical cation). The sample was
then nitrogen purged for 4 minutes and photoexcited. The decay of the anthracene
triplet was then monitored with the R7912 transient digitizer. The optical den-

sity of the transient at 425 nm generated in each sample was measured twice while

air saturated and the transient decay at 425 nm was measured twice while the sam-

ple was nitrogen purged. After correction for the prompt radical cation contribu-
tion was made, the observed rate constant for the anthracene triplet decay was
determined. A least squares analysis of tiLe derived first-order rate constants
versus the concentration of added phthaloyl peroxide (less than 1x10-3M) an esti-
mate for the quenching rate constant,

qﬁ%&?&ﬁ}&&&ﬁ?ﬁ&&é We thank Mr. James Wehner for his valuable assistance with the
pulsed laser photolysis. This work was supported in part by the Office of Naval
Research and in part by the National Science Foundation. The laser facility was

constructed with funds supplied by NSF.
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t Electron Donor?

Pyrene (excited singlet)
Anthracene (triplet)
g' 9~Acetylanthracene (triplet)
N,N'-Diphenyl-p-phenylenediamine
N,N'-Diphenylbenzidine
{
Tetracene

1 trans-Dianisylethylene

Hydroquinone
b-Methoxystilbene
2,5-Diphenylfuran

trans-Stilbene

E

142

V vs SCE

-2.00
-0.47
-0.34
0.34
0.65°
0.79
0.958
1.06"
1
1.229
1.29

16

b

1 =1

kZ(M s )
THF PhCN
OC
= 1.67x10%
Cc
= 7.47x10%
Cc
= 9.77x10’
e @
533 L
89 548
8.1 57
2.86x10" 2 6.97x10" L
3.5x10™% 9.8x10° L
2= 8.23x102
3.4x10"2 N
S 5.37=10"%
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All reactions were carried out at room temperature (25.0 + 0.2°C)

The oxidation potentials are taken from C. K. Mann and K. K. Barnes, "Elec-
trochemical Reactions in Nonaqueous Systems' Dekker, NY, 1970, unless other
wise noted.

Laser studies were carried out in acetonitrile.

This reaction was too fast to measure on the stopped flow apparatus available.

Determined in THF with tetra-n-butyl ammonium perchlorate as supporting elec-
trolyte.
The diamine is not sufficiently soluble in benzonitrile for analysis.

A. J. Bard, K. S. V. Santhanan, J. T. Malov, J. Phelps, and L. 0. Wheeler

Disc, Farad. Soc., 45, 167 (1968)

h) Measured in acetonitrile with tetra-N-butylammonium perchlorate as supporting

i)

i)

k)

electrolyte.

B. R. Eggins and J. Q. Chambers, Chem. Commun., 232 (1969); V. D. Parker,
Chem. Commun., 716 (1969).

Determined from the absorption maximum of the charge transfer spectrum of the
olefin with TCNE. Cyclic voltammogram in acetonitrile indicates irreversible
oxidation at 1.17 V vs SCE

Not determined due to interference of solvent with iodometric method.
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Captions for Figures

" Figure 1
Kinetics of the reaction of phthaloyl peroxide with N,N'-diphenylbenzidine

. in THF. The initial concentration of the peroxide is 5.85 X 10_6 M

¥

? and the initial benzidine concentration varies from 5.93 X 10 g M to

k 2.96 X 107 M.
Figure 2
Correlation of the measured bimolecular rate constant (k2) for reaction
of various donors with the one electron oxidation potential. In order
of increasing oxidation potential, the points are: N,N'-Diphenylbenzidine,
1,3-Diphenylisobenzofuran, Tetracene, trans-Dianisylethylene,
Hydroquinone, 2,5-Diphenylfuran.

; Figure 3

¥ +
Absorption spectrum of Py formed in solution of pyrene and phthaloyl

peroxide. The spectrum was recorded 140 ns after irradiation with a 10

ns wide pulse of light absorbed entirely by the pyrene.

Figure 4

The observed fluorescence decay rate constant (kobs) for pyrene

excited singlet at increasing phthaloyl peroxide concentration.
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